Terahertz (THz) technology has experienced large growth within the past 20 years. Advances in technology have enabled a variety of applications of THz spectroscopy and imaging within the civilian and military arenas. Security applications have come to light as plastic explosives have been shown to be spectrally distinct in the THz spectral region. In addition, THz radiation has the ability to differentiate hidden objects below many types of clothing. As technology has progressed, more compact systems have been designed and commercial systems have become available for a rapid transition from the research laboratory to real-world applications. This review describes the THz spectroscopy and imaging applications as applied to both weapons and explosive detection.
Introduction
Terahertz technology has experienced tremendous growth in the past 30 years. Although there have been many advances with respect to the many facets underlying this technology, progress has not been without controversy. There are diffi culties that must be addressed or overcome in order to best utilize the technology for security applications, which include weapon and explosive detection. Recognition that no sensor or sensor technology is the absolute solution to any complex detection problem is paramount to accepting that the technology may be a part of a tiered solution to security applications.
The terahertz region of the spectrum, sometimes referred to as the submillimeter wave band, is most commonly thought to be from 100 GHz to 10 THz. For spectroscopic investigations, inter-and intramolecular resonances can be seen at room temperature in solids. Many dielectrics including most clothing material and plastic packaging material are transparent or semitransparent to terahertz radiation, which enables nondestructive evaluation of concealed objects and materials. Terahertz radiation is nonionizing and typical powers in the systems currently available, both electronic and optical in nature, fall within the current guidelines set forth by the American National Standards Institute's (ANSI) Safe Use of Lasers and the IEEE Standard for Safety Levers with Respect to Human Exposure to Radio Frequency Electromagnetic Fields and are therefore safe for human exposure according to the guidelines [1] .
One of the major problems to overcome with the use of the technology is the opacity and attenuation of THz radiation in the atmosphere. Fortunately, many security applications can use close-range standoff sensors, minimizing the path of the THz radiation through the atmosphere. Although attenuation in the atmosphere can be 1 to 10 dB/km [2] , there are a multitude of applications that can benefi t from the use of THz technology in the short standoff range of distances. Additional hurdles include increasing the source power and the sensitivity of the detectors, which leads to enhanced overall signal-to-noise ratio (SNR) of the system.
Terahertz technology

Overview
The terahertz frequency band lies between the microwave and far-infrared regions of the spectrum, which has traditionally been thought of as 100 GHz to 10 THz in frequency or 3 mm to 30 μm in wavelength. In addition, 1 THz is equivalent to 46 K in temperature or 4 meV in energy. Blackbodies and graybodies (non-ideal blackbodies) radiate well in the THz region of the spectrum, although these are incoherent sources of radiation. Coherent emission and detection methods were developed in the early 1980s and continue their development today.
Both optical and electronic methods of THz generation and detection exist for exploitation of the terahertz frequency band. There are both broadband sources, for example, optical rectifi cation and photoconduction with ultrafast (femtosecond) laser pulses, and narrowband sources. Narrowband sources can be either electronic, for example, upconversion of microwave oscillators, backward wave oscillators (BWOs), and carcinotrons, or optical in nature, for example, gas THz lasers, quantum cascade lasers, and nonlinear photomixing of two continuous wave (CW) lasers. A comprehensive description of these and other optical and electronic methods of THz generation can be found in [3, 4] .
THz detection also has a variety of techniques for time-domain and spectral analysis. As thermal (incoherent) background is large in comparison with many of the THz sources mentioned earlier, sensitive detection techniques are imperative. Cryogenic thermal detectors are commonly used to reduce the large thermal background, but cryogenic temperatures are not easy to maintain in real-world applications. Heterodyne detectors can be used for high spectral resolution. Pyroelectric detectors and Golay cells can also be used. For pulsed detection techniques, free-space electro-optic and photoconductive sampling are two common techniques. Again, a comprehensive description of these and other techniques for THz detection can be found in [3, 4] .
Both optical and electronic techniques come with their own sets of benefi ts and drawbacks. While many optical techniques can generate broadband THz radiation in a single measurement, electronic techniques can provide higher power within a narrow band, which can then be swept through the desired frequencies. Single frequency optical sources also exist, for example, Quantum Cascade Lasers and terahertz gas lasers. Traditional time-domain THz spectroscopic techniques require ultrafast lasers; however, they provide the full spectrum available in a single scan, which can be obtained through standard Fourier transform techniques.
Optical properties of materials also make the use of THz technology attractive. Materials such as plastics, cardboard, and cloth (natural and synthetic fi bers) are at least partially transmissive to THz radiation. Hidden objects can be seen beneath multiple layers of clothing [5] (see Figure 1 ). Hidden objects can also be seen within shoes (see Figure 2 ) using THz time-domain spectroscopy, which implies that concurrent imaging and spectroscopic information can be obtained through time domain spectroscopy. Through-container non-destructive imaging can also be performed on certain container types, such as those made of plastic and cloth, e.g., luggage (see Figure 3 ) and shipping boxes. Metallic containers cannot be interrogated with THz radiation, limiting the types of containers which can be searched.
THz systems
Both spectroscopic and imaging systems can be built with the previously mentioned sources and detectors. Single frequency (or several distinct frequency) systems tend to be more suited for imaging applications where the differences between surface refl ections can be seen, for example, between a human and a knife or gun hidden under clothing. THz systems range from large table-top optical systems to small (laptop-sized) commercial systems. Large optical systems commonly found in research laboratories often employ single or multiple lasers that occupy the better part of a large optical table. Ultrafast laser systems (femtosecond pulsed lasers) are commonly made of two to three lasers depending on whether the output of the oscillator is amplifi ed. Photomixing systems are often equivalent in size to ultrafast pulsed laser systems with two large lasers occupying an optical table. Smaller commercial systems, such as those from Picometrix or Zomega Terahertz Corporation, are available employing fi ber lasers that are considerably more compact.
Commercial electronic systems such as those from Virginia Diodes or the BWOs, such as those from Microtech Instruments, Inc., are not as large as the laser systems; however, they are most powerful at the lowest frequencies and quickly lose power at higher frequencies as the conversion effi ciency of the frequency multipliers directly affects the output power.
Imaging systems are both active and passive. Passive imaging systems are anomaly detectors, for example, Thruvision T4000 and T5000 [8] . These systems exploit the difference in emissivity and refl ectivity between humans and other materials. Since the THz waves can penetrate through clothing, unlike in the infrared, the THz radiation will refl ect from the human surface and other objects under the clothing, enabling an image to be constructed. Plastic, ceramic, or metallic objects hidden beneath the clothing will appear different from the human since those objects emit and refl ect ambient THz radiation differently from humans. Depending on the www.witpress.com, ISSN 1755-8336 (on-line) sensitivity of the detector, solids, powders, and liquids may be detected by these passive anomaly detectors. Although THz radiation is nonionizing and has been shown to be safe for human exposure under the current safety guidelines [1] , passive technologies are more attractive than active systems in certain applications.
Active imaging systems range from single frequency or several frequency systems to broadband systems that can perform spectroscopy in addition to imaging. There are laser-based, time-domain spectroscopy and imaging systems as well as CW laser systems. Active systems are similar to passive systems in their ability to detect plastics, ceramics, and so on under concealed conditions, for example, clothing, plastic, and cardboard; however, they can achieve higher resolution.
Terahertz for weapons detection
THz imaging has applicability to security screening for weapons detection. Both active and passive systems can differentiate between a concealed weapon under clothing and the human background. Much emphasis has been placed on security applications for THz imaging in recent years due to the ability to use off-the-shelf technology at power levels safe for human exposure [1] coupled with its ability to penetrate clothing and other nonmetallic materials. Interest as a research topic is being actively pursued in both the academic and commercial communities [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . As stated earlier, for passive systems, there is a difference in the emissivity and refl ectivity between the human and concealed nonhuman objects that can be detected as an anomaly. As there are numerous examples of THz applications for weapons detection, a few representative examples of the capabilities of THz technology in this arena will be discussed. Luukanen et al. [18, 19] have developed a system for real-time passive indoor THz imaging (see Figure 4) . Their detector design uses either Nb-or NbN-based detectors and has 8-mm spatial resolution with only 10-msec pixel integration time. Their frequency range covered by these detectors is 0.2-3.6 THz. These detectors are microbolometers, however, and require cryogenic cooling.
Jacobs et al. [12] examined human observer performance against a wide variety of test objects with a 640-GHz imaging system (see Figure 5 for a representative image at 640 GHz). Test articles ranged from small hidden items such as a lighter and cell phone to larger objects that included a metal pipe bomb and a block of explosive simulant. Their fi ndings show that object identifi cation appears more diffi cult with an active system than with a passive infrared detection. They noted, however, that active images contain more specular refl ection than the corresponding passive system. The problem of specular refl ections, though, can be partially mitigated through preprocessing of the data before it is shown to the observer.
The group at Picometrix, led by D. Zimdars [20, 21] , has developed fi berpigtailed THz time-domain spectroscopic instrumentation. This system is capable of both collecting spectroscopic information and building imaging information from the time-domain signal. The added functionality of collecting spectroscopic information while imaging provides possible identifi cation of explosive material, for example, as there are unique signatures in the THz region of the spectrum for many plastic explosives, as will be discussed in the following section. Figure 6 shows an example of both transmission and refl ection spectroscopy for imaging of luggage.
Terahertz for explosive detection
A large body of research on explosives detection with THz technology has been and continues to be built within the THz community. A recent review article [22] provides insight into both solid and gas phase spectroscopy that has been performed to identify spectral signatures of explosives. Many explosive compounds have unique spectral signatures in the THz region of the spectrum (see Figure 7 ). Both neat explosives and plastic explosive compounds, which contain other possible confusant materials, are represented in this set of spectra. For example, from the spectra of (b) and (c), it can be seen that the plastic explosive PE4 contains the explosive RDX from the signature at 0.8 THz. This 0.8 THz signature of RDX has been used across a variety of explosives as a unique identifi er as other explosives do not contain the same signature that has been attributed to phonon modes within the crystalline structure. The signatures of the neat and plastic explosives have been demonstrated by a side variety of research groups adding to the validity of the spectral signatures [23] [24] [25] [26] [27] [28] [29] [30] [31] . Not only has a multitude of experimental work been performed but also theoretical calculations of the spectra [32] [33] [34] [35] [36] .
In addition to the research associated with the identifi cation of spectral signatures of neat and plastic explosives as in [23] [24] [25] [26] [27] [28] [29] [30] [31] , Chen et al. [28] (see Figure 8 ) have also examined explosives and related compounds (ERCs) in both transmission and diffuse refl ection geometries. The bulk of THz spectroscopy that has been performed on ERCs has incorporated a transmission geometry where the THz beam Figure 8: Comparison of transmission and diffuse refl ectance spectra of ERCs. Spectra have been vertically shifted for clarity. Adapted with permission from reference [28] .
passes through the sample material and the detector is on the opposite side of the sample as the source. Although this technique is used more often than a refl ection geometry, it is less practical from an application standpoint. In most applications, the signal will require collection from refl ections or scatter off the target of interest, whether package, container, or human. THz refl ection spectroscopy has been performed, for example, by the group of X.-C. Zhang at Rensselaer Polytechnic Institute (RPI) [28, 37, 38] , our group at Johns Hopkins University Applied Physics Laboratory (JHU/APL) [38] [39] [40] [41] [42] , and others [43] [44] [45] [46] [47] [48] . As can be seen in the spectra in Figure 8 , the diffuse refl ectance spectra are comparable to the transmission spectra. Signatures of the ERCs, at specifi c frequencies, can be identifi ed and used for spectral fi ngerprinting in this region. From the spectral signatures, our research group at JHU/APL has been able to measure the absolute absorptivities and molecular cross sections [25] facilitating the determination of the SNR needed for varying concentrations of explosive material (see Figure 9 ). For given applications, it may be known whether trace or bulk material is the target of interest, which would make possible the appropriate choice of instrumentation. Often the spectra obtained from THz measurements are relative in nature, and absolute absorptivities are not obtained. This work was a critical contribution to the fi eld, bringing to forefront the need for absolute measurements to be obtained.
Discussion
As mentioned earlier, it is also possible to combine the spectroscopic and imaging capabilities of this technology to obtain pixel-by-pixel spectroscopic information while building an image (e.g., see Figure 1 [5] ). This combination facilitates both a determination of object detection (anomaly detection) and the identifi cation of the material. This will allow users to determine if the anomaly that is detected is a threat, for example, explosive or other contraband, such as narcotics, or if the anomaly is benign, permitting the person, container, or luggage to continue without further scrutiny. Many of the detection techniques currently employed in security applications today require a multilayered approach to narrow down whether a potential threat is in fact a threat or a benign material that appears similar to the potential threat material. For example, consider security at a typical airport, where fi rst you pass through a metal detector; if alarmed, you then pass to a secondary screening for more thorough metal detection and/or a pat down by a security offi cer. If a THz system could image the person in real time, the metallic and nonmetallic objects on a person could be identifi ed as possible threat objects and further data processing could determine if the object was a cell phone or a block of plastic explosive in the person's jacket. This tool can be employed in an already layered security arena to assist or replace some of the current technologies in place. In addition, when baggage is screened before being placed on the airplane, if anomalous objects are detected, it is common for screening personnel to open the luggage and look by hand at the contents. If THz spectroscopic imaging was performed, the anomaly could be detected and the spectroscopic signatures can be compared with a library of potential threats to determine whether further action is necessary. Current commercial systems do have the capability to perform this spectroscopic imaging, but as the technology itself is still relatively new, being commercialized within the past decade, slow adoption has taken place. Continued development and funding is imperative for the commercial products to be fully developed into the products that meet the specifi c needs of varied security applications.
With the existing limits of commercial and prototype systems, there have been demonstrations of the use of terahertz technology for real-time security applications with both people screening [5, 6] , for example, under clothing and within shoe, and container screening [7, 21] , for example, luggage and shipping boxes. While these systems are not currently widely used in existing security applications, the research has shown the potential benefi t to security applications for active terahertz imaging systems. In addition, passive THz systems [8, 18] are similar to existing passive millimeter wave imagers [49] currently in use around the world. Overall, terahertz technology in its current state can be a useful addition to an integrated security system. Continued development and advancement of the technology will provide added benefi ts to the security community while also benefi tting the scientifi c community as a whole.
